The intensity of the BMP signal is determined by cell surface receptors that phosphorylate Smad1/5/8 at the C-terminus. In addition to this BMP-activated phosphorylation, recent studies have shown that sequential phosphorylations by MAPK and GSK3 kinases can negatively regulate the activity of the pSmad1
Introduction
Embryonic patterning in Xenopus is controlled by graded signals along the dorsal-ventral (D-V) and anteriorposterior (A-P) axes. The positional information produced by these signal gradients is seamlessly integrated in each individual embryo. A classic example of the selfregulating nature of this patterning integration is demonstrated by cutting a Xenopus blastula stage embryo in half along its D-V axis: the two halves go on to ultimately form perfectly matching twins. How signals emanating from distant points of a morphogenetic field can communicate to each cell within the field when to differentiate, proliferate or die, is key to understanding how embryos, tissues and organs are patterned. Recent advances have begun to address this issue, with Smad1 identified as a central candidate in this process. Smad1 has been recently shown to be at the crossroads of the BMP/BMP receptor, the FGF/MAPK, and Wnt/GSK3 signaling pathways that are integrated through specific phosphorylations in this transcription factor. Here we review how positional information provided by D-V and A-P growth factor gradients in the developing embryo is integrated at the level of Smad1/5/8.
Global positioning in the developing embryo
Two important gradients signal in the developing embryo acting together as a global positioning system for the early embryonic morphogenetic field ( Figure 1 ). These morphogen gradients determine the D-V and A-P axes, providing Cartesian coordinates for the body plan that determines where subsequent self-regulating organ morphogenetic fields for parts such as eyes, brain, and limbs are placed at later stages of development [1] .
The D-V axis is established by BMP (bone morphogenetic protein) signals, which subdivide the ectoderm into central nervous system, neural crest, and epidermis. In the mesoderm, from dorsal to ventral, notochord, somite and intermediate (kidney), and lateral (body wall) mesodermal tissues are generated by the BMP gradient. Thus, the D-V system regulates the initial histotypic differentiations of the vertebrate embryo. An elaborate system of extracellular protein-protein interactions regulates this patterning gradient. Chordin, a secreted BMP antagonist, is expressed in the dorsal region of the vertebrate embryo during the gastrula stage, while on the opposite side at the ventral pole BMPs are expressed at high levels [2] [3] [4] . BMPs activate their receptors (BMPR), which are transmembrane serine/threonine kinases, and these in turn phosphorylate the transcription factor Smad1 at its C-terminal serines. Once phosphorylated, Smad1 translocates into the nucleus and activates or represses BMP-responsive genes [5, 6] . BMP antagonists such as Chordin and Noggin inhibit Cterminal phosphorylation of Smad1 and induce the ectoderm to adopt a neural fate [7] , while high ventral BMP levels ensure that the ectoderm differentiates into an epidermal cell fate [8] . These two opposing ventral and dorsal signaling centers provide the basis for D-V patterning in embryos such as Xenopus and zebrafish by controlling the intensity of the pSmad1
Cter signal a cell will receive. D-V pattern is self-regulating because the dorsal and ventral signaling centers are under opposite transcriptional control [2, 9] . Dorsal genes are transcribed at low Smad1/5/8 activity levels. A decrease in BMP levels triggers transcription of a dorsal BMP (called ADMP) [9] . Ventral center genes are activated by Smad1 and include BMP4/7 and an enzyme of the Tolloid family of zinc metalloproteinases called Xolloid-related that degrades Chordin, liberating BMP and ADMP for signaling [2, 3] . At high BMP levels Sizzled, a competitive inhibitor of Tolloids, is transcribed in Xenopus and zebrafish, increasing the stability of the BMP antagonist Chordin (see Figure 4 below) [10, 11] . In addition, at high BMP levels two BMP-binding proteins called Bambi (BMP and activin membrane-bound inhibitory protein) [12] and Crossveinless-2 [13] are produced, further dampening the signal. This Chordin/BMP axis is used universally by bilateral animals for patterning the D-V axis during gastrulation. Drosophila [14] spiders [15] , hemichordates [16] , and amphioxus [17] all use this conserved ancestral mechanism. Many components of this system have been maintained in evolution, even though an inversion of the D-V axis took place between the invertebrate and chordate body plans [18] [19] [20] .
The main A-P morphogenetic gradient is provided by Wnt signals [21, 22] . In Xenopus and amphioxus, Wnt signals are highest in the posterior blastopore where xWnt8 is expressed [22, 23] . An endogenous gradient of Wnt signals can be visualized in the Xenopus neural plate, with high Wnt signals found in the posterior that decrease anteriorly, and an increasing concentration of anti-Wnts like Dkk1 (Dickkopf-1) in anterior regions [21, 24] . In neuralized Xenopus animal caps, varying doses of Wnt3a induce different A-P markers, while overexpression of Wnt antagonists in Xenopus embryos inhibit posterior markers [22, 25] . Studies on planarian regeneration strongly support the view that canonical Wnt signaling specifies posterior cell fate along the A-P axis, since RNAi against b-Catenin causes the ectopic regeneration of head structures instead of tail at posterior amputations [26 ,27] .
When Wnt antagonists such as Dkk are overexpressed in Xenopus embryos the result is a strongly dorsalized phenotype, with a neural plate expanded at the expense of epidermal tissue. This phenotype is very similar to that of embryos injected with BMP antagonists such as Chordin [28 ] . This puzzling observation suggested that Wnt antagonists might regulate BMP signaling in novel ways. Integration of multiple signaling pathways at the level of Smad1 phosphorylations proved productive, with its serine-rich linker region shown to be highly regulated by two different signaling pathways (Figure 2 ).
MAPK and Smad1 inhibition
The first evidence that multiple signaling pathways can be integrated at the level of Smad1 phosphorylation was discovered in human cultured cell lines [29] . It was demonstrated that Smad1 is a target of mitogen-activated protein kinases (MAPK), activated by epidermal growth factor receptor (EGFR). Phosphorylation by MAPKs was shown to occur at canonical Erk (extracellular signalregulated kinase) PXS [PO 3 ]P sites in the linker region of Smad1 (Figure 2 ) that were inhibitory to the BMPactivated pSmad1
Cter signal. These linker phosphorylations are present in all BMP-activated Smads (1/5/8). Intriguingly, a single PXSP site is also found in Mad the Drosophila Smad1 homolog (Figure 2 ). Phosphorylation in the linker region serves to terminate the pSmad1 Cter signal by promoting the polyubiquitinylation of the protein [28 ,31 ] . The Smurf1 E3-ubiquitin ligase binds to a PPXY sequence [30] located 9 amino acids downstream of the MAPK phosphorylation sites in the linker domain ( Figure 2 ). After MAPK phosphorylation, Smad1 is exported from the nucleus and degraded in cytoplasmic proteasomes [28 ,31 ] .
This discovery proved important as it had long been known that active signals such as fibroblast growth factors (FGFs) and insulin-like growth factors (IGFs) [32, 33] were potent neural inducers in Xenopus ectoderm. Embryologists were puzzled by this, for the same neural phenotype could be attained by inhibiting BMP signals with antagonists such as Chordin [34] . Further analysis of these phosphorylation sites demonstrated that IGF and FGF activate MAPK/Erk, which in turn induced neural tissue by phosphorylating Smad1 in the linker region [34] [35] [36] . Overexpression of phosphorylation-resistant mutants of Smad1 in Xenopus embryos increased epidermal development with a concomitant decrease in neural tissue, whereas wild-type Smad1 injected embryos displayed only minimal neural plate specification changes [34, 36] . These studies demonstrated Xenopus gastrula stage embryo showing some of the main morphogenetic fields that form along the D-V (BMP) and A-P (Wnt) axes. These fields are considered self-regulating (as is the early blastula embryo as well) because they can be cut in half and regenerate the whole pattern after transplantation [1] . BMP signals are high in the ventral side and decrease dorsally, while Wnt signals are strong in the posterior and weaken anteriorly. Cells at different positions within these two Cartesian axes read these morphogen gradients and determine the embryonic body plan that specifies the place at which the various organs will be subsequently formed.
that Smad1 is hyperactive in the absence of MAPK phosphorylation and that in vivo MAPK plays a key role in the regulation of Smad1 activity.
Knock-in mice containing Smad1 forms that are insensitive to phosphorylation by MAPK in the linker region display phenotypes in the gastrointestinal epithelium and the reproductive tract [37] . Recently it has been confirmed that FGFs inhibit BMP signaling by phosphorylating the linker region of Smad1: in mouse embryonic fibroblasts (MEFs) from these phosphorylation-resistant Smad1 mice, FGF loses its ability to inhibit a BMP signaling reporter gene [31 ] . This result shows that FGF requires the MAPK phosphorylation sites within the linker region of Smad1 to inhibit BMP signaling.
In Drosophila the Mad signal can also be modulated by a MAPK-related kinase called nemo-like kinase (Nlk) [38 ] . Nlk, an enzyme known to be involved in the Wingless/Wnt pathway, phosphorylates Mad at a conserved serine in its amino-terminal domain. This phosphorylation inhibits BMP signaling by preventing nuclear accumulation of pMad Cter , thus inhibiting the activation of BMP-responsive genes [38 ] .
Wnt signals through Smad1
A novel branch of the canonical Wnt pathway was revealed by the discovery that Smad1 receives a second inhibitory phosphorylation in its linker region by the glycogen synthase kinase (GSK3) serine/threonine kinase [28 ,31 ] . GSK3 normally phosphorylates 'primed' or pre-phosphorylated proteins [39] , as in the case of bCatenin [40] . The canonical Wnt pathway signals by inhibiting GSK3, which results in the stabilization of b-Catenin protein, which then translocates into the nucleus where it functions as a transcriptional co-activator [41] . In the case of Smad1/5/8, MAPK provides the priming phosphorylation for GSK3 (Figures 2 and 3 ). Once this double phosphorylation occurs, Smad1 is transported to the pericentrosomal region where it is degraded by the proteasomal machinery, thus terminating the BMP/pSmad1 Cter signal (Figure 3 ) [28 ] . The centrosome, in addition to its functions during mitotic division, is now known to also serve as the proteolytic center of the cell [42] . GSK3 activity is inhibited by Wnt signals by becoming localized to LRP6-signalosome membrane vesicles, which contain LRP6, Frizzled, Dishevelled, Axin, and GSK3 [43 ] . In the presence of Wnt, the stability of Smad1 is increased, causing the duration of the BMP/pSmad1
Cter signal to be prolonged [28 ] . In this way, Wnt can signal through Smad1.
Integrating the D-V and A-P morphogenetic gradients
In the context of the gastrula embryo the BMP pathway determines the intensity of the BMP signal, high in the ventral and low in the dorsal region (Figures 1 and 4) . In Phosphorylations of the transcription factor Smad1 determine the type of cell differentiation; BMP provides the intensity of the pSmad1
Cter and Wnt prolongs its duration. The double phosphorylation of Smad1 by MAPK and GSK3 is required for its ubiquitination and termination of the pSmad1 Cter signal through degradation of the activated transcription factor in the proteasome [28 ] . MH1 and MH2 refer to the conserved Mad homology domains present in Smad transcription factors.
Figure 4
Model of the integration of the BMP (D-V) and Wnt (A-P) patterning pathways at the level of Smad1/5/8 linker phosphorylations. Blue dotted arrows indicate transcriptional regulation by Smad1/5/8 and black arrows indicate direct protein-protein interactions. All these interactions have been confirmed in Xenopus embryos using loss-of-function and overexpression experiments [9, 10, 28 ]. Not shown here are two BMP inhibitors produced in the ventral side called Crossveinless-2 and Bambi, which serve to dampen the BMP signal [9] . the A-P axis, Wnts prolong the duration of the BMP/ Smad signal near the posterior blastopore, and this duration shortens anteriorly, owing to the Wnt activity gradient (Figure 4 ) [22] . This model implies that both the D-V (BMP) and A-P (Wnt) axes can be integrated at the level of Smad1 linker phosphorylation. Epistatic experiments confirmed that certain effects of canonical Wnt signaling are mediated through Smad1. In dissociated Xenopus ectodermal cells [8, 36] the overexpression of xWnt8 in Xenopus embryos induced epidermis differentiation, and this branch of the canonical Wnt pathway was blocked by co-injection of a dominant-negative Smad5 [28 ] that blocks all BMP/Smad1/5/8 signaling [44] . Therefore, epidermal induction by Wnt requires an active BMP/Smad signal. These effects of Wnt signaling on epidermal cell differentiation do not require Tcf3 (T cell factor 3) but intriguingly require b-Catenin [28 ] .
Recently, work in zebrafish embryos has shown that histotypic differentiation along the A-P axis is controlled by distinct temporal intervals of BMP signaling, with an early specification of anterior ventrolateral cells followed by a later specification of more posterior ventrolateral cell fates [45 ] . These findings may provide an interesting temporal dimension to the proposed mechanism of integrating the D-V and A-P axes by Smad1 linker phosphorylation.
Smad1/5/8 signaling integration and human bone disease
The integration of BMP and Wnt at the level of Smad1 may also have implications for human disease. Although BMPs are the main regulators of bone morphogenesis, most human mutations that affect the pathogenesis of osteoblast differentiation diseases such as osteoporosis and osteopetrosis were found to affect the Wnt co-receptor LRP5, or the secreted LRP5/6 antagonists Dkk1 and Sclerostin [46, 47] . Since Wnt signaling increases the duration of BMP/Smad1/5/8 signals (Figure 3 ), in future it will be interesting to investigate whether these bone formation syndromes are mediated by Smad1/5/8 activity regulated by the Wnt pathway.
Another interesting link between Smad signaling and its linker regulation is achrondroplasia, the most common type of human dwarfism, which is caused by ligandindependent activating mutations in FGFR3 [48] . BMP-Smad signaling is required for cartilage formation and has been shown to rescue the numbers of proliferating and hypertrophic chondrocytes in a mouse model of achrondroplasia [49] . We propose that the pathogenesis of achrondroplasia may be mediated the by inhibition of Smad1/5/8 activity through increased MAPK phosphorylations caused by activated FGFR3. Figure 4 summarizes how embryonic pattern may be achieved by a self-regulating mechanism integrating both D-V and A-P gradients. In this model, BMP would regulate the intensity of the signal, while Wnt would regulate the duration of the Smad1/5/8 signal. Gene promoters may be affected differently by these two qualities-intensity and duration-of the same transcription factor. One prediction of the model is that A-P genes will be more sensitive to the duration of the Smad1 signal. In future it will be important to identify promoters that are particularly sensitive to the duration of the Smad1 signal. In the hard-wired mechanism reviewed here, the BMP and Wnt signals, acting through Smad1/5/8, would regulate coordinately hundreds of downstream target genes. Perhaps this strategy provides a more robust way of obtaining a perfect patterned embryo time after time. In this view, the eventual vertebrate body plan would be encrypted in the phosphorylation sites of a transcription factor.
The realization that Smad1/5/8 is a key player in integrating embryonic patterning signals clarifies old questions and generates many new ones. One interesting question that arises is whether Wingless in Drosophila can stabilize Mad, placing this D-V patterning transcription factor in a central role for A-P patterning. If such a node of signal integration functioned in fruit flies, this could have deep implications for the evolution and development of the body plans of all bilateral animals [20] .
